Abstract-Photovoltaic (PV) system has non-linear powervoltage (P-V) characteristic with single maximum power point (MPP) in uniform condition. The P-V curve would be more complicated during partially shaded (PS) conditions (PSCs) when multi-peak powers exist. The point with the highest value of power among the multi-peak powers is called global maximum power point (GMPP). In this paper, a novel hybrid method is proposed to obtain the GMPP in PSCs. In this method, if PS happens after reaching the MPP in uniform condition, the new operating point is specified based on modified linear function to reduce the searching zone and simultaneously the possible MPPs are recognized at the right side of the new obtained operating point. In the case where PS happens before reaching the MPP in uniform condition, the reference point is specified and then the location of GMPP is detected. Finally, after specifying the exact location of GMPP, the modified P&O is used to obtain the GMPP. To evaluate operation of the proposed method, simulation work has been carried out in MATLAB/Simulink where the GMPP is obtained in minimum time with high accuracy and minimum oscillation in power. Moreover, this method is not limited to any specific scenarios of shadowing.
I. INTRODUCTION Fossil fuels are non-renewable sources of energy used mainly worldwide, but nowadays, by increasing concerns on some issues such as environmental hazard, finitude, and economical issues, it is mandatory to find a sustainable energy with high efficiency and low emission such as wind, biomass, and solar. Among the renewable energies, the energy through the photovoltaic (PV) system can be considered because it is free energy and more cost effective, and does not cause pollution. In PV system, there are two main curves, I-V and P-V in which I, V, and P are the output current, voltage, and power of PV module respectively. According to types of load, there is a specific load line in I-V curve where the intersection point between load line and I-V curve specifies the operating point of system which can be various by changing the load values. Therefore, output power of the system, defined by multiplying current with voltage, can have different values. In order to increase efficiency of PV the system and to produce maximum available power, the system should be operated in maximum power point (MPP). In uniform conditions, only single MPP exists in P-V curve and all the MPPT techniques are able to track the MPP in uniform conditions. Some of them have their own advantages such as less reaching time to obtain MPP and less oscillation in power. The P-V curve would be more complicated under partially shaded conditions (PSCs) when multi-peak powers exist and in this case the conventional methods usually fail to track global MPP (GMPP). In recent years, different techniques have been presented [1] to obtain GMPP under PSCs which improve the tracking efficiency. In [2] , short-circuit pulse-based MPPT is proposed that can scan the P-V curve to recognize the corresponding parameters used in a current-based MPPT. In [3] , fuzzy-logic-based MPPT is used where the maximum power is scanned and stored during perturbing and observing. In [4] , the current is measured online and regular interrupt is used to deal with PS issue. In [5] , the fuzzy logic for perturb and observation (P&O) MPPT algorithm with peak current control is used to sample the values instantaneously instead of average. In [6] , the particle swarm optimization (PSO) technique is used to track the GMPP under PSCs. In [7] , the two-stage technique is used but the complexity of system is drawback of this method because it needs two more circuits for measuring the open-circuit voltage and short-circuit current. The versatile reconfiguration method is proposed in [8] to solve the multiple-peak powers issue but more switches and sensors are required. In recent years, artificial intelligent methods like fuzzy logic (FL) [9] [10] [11] , artificial neural network (ANN) [12, 13] , and particle swarm optimization (PSO) [14, 15] are presented to detect MPP and GMPP under uniform and PS conditions but they have their own drawbacks. For example in FL methods, the rules and ranges of membership functions should be defined accurately. In ANN method, enough experimental data is needed to train the ANN and in PSO method, more experience is needed to set the parameters. In some mentioned methods, some specific conditions are assumed and then the techniques are proposed. For example in [16] , a linear function method is presented that considers some specific P-V curves and the obtained MPP after transferring the operating point to new reference voltage is GMPP. In some works, it is assumed that PS happens after reaching the MPP in uniform condition but in reality PS is possible to occur 978-1-4799-7862-5/15/$31.00 © 2015 IEEE before obtaining the MPP in uniform condition. In this paper, a novel MPPT algorithm based on modified linear function is proposed which decreases the searching zone and consequently reaching time of GMPP. Furthermore, by implementing this method, the oscillation in power is minimized. For the rest of this paper, in section 2 the PV system and model of PV array for series-parallel (SP) configuration is explained, and then in section 3 the new technique is presented. In section 4, the simulation results are shown to verify the operation of the proposed method and finally in section 5 the brief summary of this paper is presented.
II. PV SYSTEM MODEL
A PV cell is the smallest part of PV system that can be connected in series and parallel as a PV module to produce more power. In Fig. 1 , the equivalent circuit of PV cell is shown in which R S and R SH are series and shunt resistances respectively. 
where V and I are the output voltage and current of PV cell, I PH and I S are photocurrent and saturation current, q and K B are electron charge (=1.6 × 10 19 C) and Boltzmann's constant (=1.38 × 10 23 J/K), and A is the ideality factor with its value is between 1 and 2.
By connecting the PV modules in series and parallel, different configuration of PV array such as series-parallel (SP), total-cross-tied (TCT), and bridge-link (BL) are acquired. In this paper, SP configuration is considered for the PV array to investigate operation of the proposed algorithm. In SP configuration, the modules are connected in series as string and then strings are connected in parallel. In Fig. 2 , the SP configuration for PV array is shown which includes shaded modules.
The PV module is formed by N S ×N P solar cells where N S is number of cells connected in series and N P is number of cell's column in module connected in parallel. The considered SP configuration includes of N SM ×N PM PV modules in which N SM is the number of modules connected in series as string and N PM is the number of strings connected in parallel. The related equations for modeling the I-V characteristics of PV array under uniform conditions are described as follow [17] :
where the subscripts M and A are for module and array respectively and subscript without M is for solar cell. R SM and R SA are the total resistances of PV module and array respectively. The output current of PV array under uniform condition can be derived as follow:
When some PV modules in PV array are shaded, the current of related modules decreases, and therefore, the total current of related string also decreases and consequently the total power of PV array is reduced. In order to decrease the power losses under shaded conditions, as shown in Fig. 2 , one bypass diode is connected in parallel with each module. Thus, when the PV module is shaded, the bypass diode is forward biased and the module is short circuited. The related equations for voltage and current under shaded conditions can be described as follow:
where X presents the string number and N DX is the number of shaded modules in X TH string. Under uniform conditions N DX is equal to zero. I A and I SA present the output current and shortcircuit current of PV array under PSCs and R SAX is the resistance in X TH string.
III. PROPOSED HYBRID MPPT ALGORITHM
In partially shaded conditions with multi-peak powers, the MPPT may fail to detect the GMPP. In Fig. 3 , the failure of MPPT under PSCs for two different scenarios of shadow is shown. In the first scenario shown by red line, the PS happens after reaching the MPP in uniform condition. In this case, the local MPP (LMPP) is obtained as shown by A 1 and MPPT fails to detect GMPP. In the second scenario shown by blue dash line, the shadow happens before reaching the MPP in uniform condition, and thus, MPPT obtains B 1 which is also LMPP. In [16] , the linear function method is used to obtain GMPP under PSC but only some specific scenarios are considered in which the first obtained MPP after shifting the operating point is assumed as the GMPP. However, as shown in Fig. 4 , for I-V and P-V curves, there are other scenarios of shading that contradict this assumption.
In this paper, a novel hybrid technique based on modified linear function method is proposed which decreases the searching zone to obtain GMPP. The modified linear function is described as follow:
where V ref_new is new operating point after PS, V OCA and I SCA are open-circuit voltage and short-circuit current of PV array, I PV is the PV array current when PS happens, and N SM is the number of modules per string. The coefficient of is defined as constant value which has significant effect in reducing the reaching MPP time and its value is between 1 and 2. In the proposed method, when PS happens, the operating point is shifted to new operating point and simultaneously the possible MPPs are recognized at the right side of new operating point, and then modified P&O is implemented to obtain the GMPP. In P&O method, the voltage of PV array is perturbed and power is measured. If the power increases when the voltage increases, the duty cycle should be adjusted to increase the voltage otherwise, if the power decreases when the voltage increases, the voltage should be decreased. Similarly if the power increases when the voltage decreases, the voltage should be decreased by adjusting the duty cycle, otherwise, if the power decreases by decreasing the voltage, the voltage should be increased to conduct the operating point to MPP. In Fig. 5 , flowchart of the proposed hybrid method is shown. In this method, modified P&O (Fig.5c ) is based on duty cycle which the step size of d is added or subtracted to the duty cycle (D = D ± d). This step size is not fixed value and will be changed according to different conditions. The large value of d is considered in two conditions. The first one is when the PS is not happened and the controller needs to operate faster to reach MPP and the second one is during shifting the operating point to near the reference voltage which can reduce the reaching time of GMPP. The value of d should be considered smaller when the MPP and GMPP are obtained which can reduce the oscillation in power. Moreover, when the existing operating point is near to new reference voltage, the small value of d should be selected in order to avoid missing of the new operating point. In this method, apart from mentioned notes, two more important notes also are considered. The first one is the minimum distance between two consecutive MPPs is 0.8×V OCM , and the second note is in the shaded condition with multi-peak powers, when the GMPP is obtained, the magnitude of other MPPs are reduced in both side of GMPP. According to this algorithm, as shown in block 1 and 2 (B-1 and B-2), the voltage and current of PV array in instants k and k-1 are measured and by using the modified P&O, the operating point is conducted to MPP. The difference of power in instants of k and k-1 are sensed continuously, and if it is bigger than a critical value ( P Crit ), it shows that partial shading is happened (B-5a and B-5b) . Operation of the system depends either PS happens before or after reaching the MPP in uniform condition (B-4). If PS happens before obtaining the MPP in uniform condition, section A operates (Fig.5b) , and if after obtaining the MPP in uniform condition, section B operates (Fig.5a) -18b) , otherwise, duty cycle should be decreased (B-19b) to conduct the operating point near to the last stored point and then will be compared with previous possible stored MPPs (B-23b). During comparing, the value of j should be checked frequently, and if j is equal to 1 (B-26b), the current MPP can be the first MPP after P a or same with P a . In the case where the difference between voltage of existing point for MPP and V a is less than a predetermined value ( ) (B-27b), P a is GMPP (B-28b), otherwise, the MPPs of P (j) and P a for j is equal to 1 should be compared (B-29b) and if P (j) is bigger than P a , P (j) is GMPP (B-30b), otherwise, P a is GMPP (B-31b). In the case A, when PS happens, the P&O method is implemented to reach the first MPP (B-6a). The obtained MPP is considered as reference point and related values for power and voltage are stored as P ref and V ref (B-8a) . According to the second note mentioned before, the location of GMPP should be specified either at the left side or right side of V ref . Therefore, the second possible MPP is started to search at the right side of V ref by shifting the operating point (B-9a). The duty cycle is decreased (B-10a) to shift the existing operating point to the new operating point. Then, when the operating point reaches to the neighbor of new reference voltage (B11a), the modified P&O is implemented (B-12a) to obtain MPP and the values of P (i) and V (i) (B-15a) are stored in which i is for counting (B-14a) the MPPs. If the value of P ref is bigger than P (i) (B-16a) Fig.6 includes PV array, dc-dc boost converter, MPPT controller, input filter, and load. For the boost converter, the input capacitance is 1500 μF, the inductance is 200 μH, and the output capacitance is 500 μF. The load resistance value and switching frequency of system are 20 and 25 kHz respectively. For evaluating operation of the proposed algorithm, shadowing scenarios of Fig.3 are considered. In Figs. 7 and 8, the simulation results for the first and second shadowing scenarios are presented respectively and PS is assumed to happen after reaching the MPP in uniform condition which presents operation of section B in the proposed algorithm. The results for three systems are shown in Fig. 7 , where in the first system (S1), the proposed method based on modified linear function and modified P&O is implemented. In the second system (S2), the proposed method with normal linear function and conventional P&O is implemented. For the third system (S3), the linear function method is used individually. As shown in Fig. 7 , the third system (S3), which is only based on the linear function method, fails to find GMPP and only LMPP with value of 380 W is obtained. The proposed method which is implemented in S1 and S2 obtains the GMPP but S1 is able to detect the GMPP in less time and less oscillation in power where its values for S1 and S2 are 0.5 and 4 W respectively. In Fig. 8 , the simulation results for S1 and S2 are shown. When PS happens, S1 and S2 detect the GMPP but S1 can obtain GMPP faster than S2 as their reaching times to GMPP are almost 0.05 s and 0.08 s respectively. Moreover, the oscillation in power also decreases significantly by implementing the modified P&O instead of conventional P&O.
In Fig. 9 , the simulation result for the second shadowing scenario is shown but in this case, it is assumed that PS happens before reaching the MPP in uniform condition. Thus, section A needs to be implemented to detect the GMPP. S1 can obtain GMPP with value of 430 W but S2 fails to detect GMPP and obtain LMPP with value of 278 W. At the time where GMPP is reached, the oscillation in power is so small with value of almost 1 W. In this paper, a novel hybrid method based on modified linear function and P&O method is proposed to obtain the GMPP under PSCs. By implementing this method, the searching zone is reduced significantly which can lead to obtain GMPP in minimum time with minimum oscillation in power. The proposed method is not limited to specific shadowing scenarios and can detect the GMPP when PS happens either before or after obtaining MPP in uniform condition which increases the accuracy of the system under PSCs. In the case where PS happens after reaching the GMPP in uniform condition, the new operating point is calculated and then the possible MPPs are recognized at the right side of new reference voltage. On the other hand, when PS happens before reaching the MPP in uniform condition, the reference point is specified and then the location of GMPP is detected. Finally, after the exact location of the GMPP is specified, the modified P&O is implemented to obtain GMPP.
